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Back-analysis of model tests on piles in sand

subjected to long-term lateral cyclic loading:
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Abstract: The back-analysis of model tests on piles subjected to high-cyclic lateral loading using

the high-cycle accumulation (HCA) model is presented. The installation of the pile prior to the lateral

loading is taken into account using a Coupled-Eulerian-Lagrangian method. A comparison between the

measured pile rotation and the results of simulations with incorporation of the installation-induced soil

changes as well as simulations assuming wished-in-place initial conditions is made. A distinct influence

of the installation process on the lateral response of the pile is observed. The installed piles exhibit

larger resistance and less accumulation of deformation during the cyclic loading. The simulations taking

into account the installation process are in better accordance with the measurements in the model tests

compared to the wished-in-place simulations. It is concluded that the consideration of the installation

process in a back-analysis of driven piles subjected to monotonic or cyclic loading is of great importance.

Keywords: High cyclic loading, monopile, high-cycle accumulation model, Coupled-Eulerian-Lagrangian,

pile installation, large deformation

1 Introduction

Despite being an extensively studied subject in geotechnics, the uncertainty of predicting the pile response

to (cyclic) lateral loading remains large. Up to now no state of the art method exists for the estimation

of the long-term deformations caused by cyclic lateral loading. A reliable design method is especially

important for offshore wind turbines founded on piles as they have only a small tolerance towards tilting

and are repeatedly loaded by wind and water waves during their lifetime.

A variety of numerical approaches with varying degrees of complexity have been proposed for the

estimation of the pile response to cyclic lateral loading (see e.g. (Achmus et al., 2009; Cuéllar et al., 2014;

Kim et al., 2015; Carstensen et al., 2018; Li et al., 2019; Page et al., 2019; Staubach and Wichtmann,
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2020; Jostad et al., 2020)). However, the installation process of the pile has not been considered and

wished-in-place conditions have been assumed in all cases. As has been shown in (Staubach et al., 2020c;

Staubach et al., 2020b), the installation can have a distinct impact on the response of the pile to lateral

(cyclic) loading. This is primarily due to a densification and stress increase in the vicinity of the pile

tip caused by the installation process (at least for a medium dense initial soil state), leading to a very

high base resistance compared to a wished-in-place pile. Depending on the stiffness of the pile itself, the

increased soil stiffness at the base caused by the installation increases the overall stiffness of the pile-soil

system and lowers the point of rotation of the pile as a higher portion of load is transferred to the stiff

soil volume around the tip. Experimental evidence for this phenomenon is also given in (Fan et al.,

2019; Fan, 2020), where the response of piles installed in a centrifuge at 1g and 100g, respectively, to

subsequent monotonic lateral loading is investigated. As expected, the pile installed at 100g exhibited a

higher stiffness when subjected to lateral loading.

In order to investigate the impact of the installation procedure on the numerical back-analysis of small-

scale model tests on piles subjected to (high) cyclic lateral loading, the installation and subsequent lateral

loading are simulated in the present work. Numerous experimental investigations using small-scale model

tests (see e.g. (Leblanc et al., 2010; Yu et al., 2015; Arshad and Kelly, 2017; Rudolph et al., 2014;

Richards et al., 2019)) and centrifuge tests (Li et al., 2010; Bayton et al., 2018; Truong et al., 2019)

are reported in the literature which are suitable for the present purpose. Being well described and often

referred to, the small scale experiments performed by Leblanc et al. (Leblanc et al., 2010) are considered

in this work. These tests include monotonic and cyclic lateral loading with up to 20,000 cycles.

To simulate the high-cyclic loading, the high-cycle accumulation (HCA) model (Niemunis et al., 2005)

is applied. The HCA model has been validated based on back-analysis of model tests on monopiles

and shallow foundations (Solf, 2012; Zachert, 2015) and on a field test on a prototye of a gravity base

foundation in 1:1 scale (Zachert et al., 2014; Zachert et al., 2015; Zachert et al., 2020). A back-analysis

of centrifuge tests on monopiles reported in (Page et al., 2020) showed a good agreement with the

experimental results even if the material parameters of the HCA model were only estimated based on

granulometry and simple index quantities. Furthermore, the cumulative deformations measured at a ship

lock over two decades were successfully reproduced in simulations with the HCA model (Machaček et al.,

2018). The soil improvement by vibro-compaction, which involves several thousands of loading cycles,

has also been simulated using the HCA model (Triantafyllidis and Kimmig, 2019; Kimmig et al., 2019).

The HCA model has been used for a parametric study on the long-term deformations of monopile

foundations for offshore wind turbines in (Staubach and Wichtmann, 2020). Important aspects such as

the influence of the drainage conditions or the ordering of cyclic load bundles with different amplitudes

were investigated. The influence of the installation (method) on the long-term behaviour of piles has

been investigated using the HCA model in (Staubach et al., 2020c), and in particular for offshore piles

in (Staubach et al., 2020b). It was found that the installation-induced changes in the soil state around

the pile significantly influence its response to lateral (cyclic) loading. This work aims to validate these

findings by the back-analysis of the tests by Leblanc et al. Furthermore, the influence of the installation

process on the long-term behaviour of piles is quantified in order to clarify whether it is mandatory to

consider the installation-induced changes in the soil state when validating numerical methods using model

tests on installed piles.

In order to determine the material constants for yellow Leighton-Buzzard sand, which was used in

the model tests of Leblanc et al., an extensive laboratory testing program has been conducted. The

calibration procedure is described in detail in this paper. The pile installation is simulated using a

Coupled-Eulerian-Lagrangian (CEL) method (upper row in Fig. 1). After the installation, the pile is

subjected to a high-cyclic lateral loading, simulated with the HCAmodel (lower row of Fig. 1). The results
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of the simulations taking into account the installation-induced changes in the soil state are compared to

results assuming wished-in-place conditions and the measurements in the model tests.
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Figure 1: Sequence of calculation steps: After the installation of the pile using the CEL method imple-
mented in the commercial software Abaqus the high-cyclic loading is simulated by means of the HCA
model implemented in the in-house finite element program numgeo using a combination of low-cycle and
high-cycle calculation phases

2 Models test by Leblanc et al.

The geometric specifications of the model tests are shown in Fig. 2. A copper pile with a diameter of

D = 0.08 m, a wall thickness of t = 0.002 m and an embedment length of L = 0.36 m has been used. The

pile has been driven into the soil using a plastic hammer. Dry yellow Leighton-Buzzard sand has been

used. It was poured into the container from a low drop height in order to achieve a loose initial state.

Tests with two different initial relative densities, Dr0 = 4% and Dr0 = 38%, have been performed. The

lateral loading of the pile has been applied in a height of e = 0.43 m above the ground surface. Different

tests with varying amplitude and mean value of cyclic (harmonic) loading have been conducted. The

number of applied cycles varied between N = 8, 000 and N = 20, 000 in the tests studied in the back-

analysis. In the back-analysis, for both initial relative densities, the installation of the pile, a monotonic

loading test to obtain the lateral capacity and at least one lateral cyclic loading test are considered. For

the initial relative density of Dr0 = 38% several cyclic loading tests with varying loading amplitude are

simulated.
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Figure 2: Schematic sketch of the model tests and picture of the device (reprinted from (Leblanc et al.,
2010))

3 Constitutive models used for the back-analysis

Two different constitutive models are used for the back-analysis: the hypoplastic model proposed by von

Wolffersdorff (Wolffersdorff, 1996) with the intergranular strain extension by Niemunis & Herle (Niemunis

and Herle, 1997) (for the constitutive equations the interested reader is referred to A) and the HCA model

of Niemunis et al. (Niemunis et al., 2005). The hypoplastic model with intergranular strain extension

is used for the simulation of the installation process and the so-called low-cycle or intrinsic (formerly

also denoted as implicit, not to be confused with implicit solution of differential equations) mode of the

HCA model. For the simulation of cyclic loading with a large number of loading cycles (N > 100), the

application of a conventional constitutive model is not expedient. This is due to the large calculation

effort, an accumulation of numerical errors as millions of increments are necessary, and the inability

of conventional constitutive models to adequately reproduce the cumulative effects during high-cyclic

loading. Without enhancement by some kind of memory-surface (see for instance (Liu et al., 2019)),

conventional models predict an almost linear increase in accumulated deformation with the number of

applied load cycles, which contradicts the experimental observations of a decreasing rate of accumulation.

To overcome the aforementioned shortcomings, the HCA model works in a high-cycle or extrinsic

(formerly also denoted as explicit) framework where only the trend of deformation is calculated, not the

soil response during individual cycles (for the calculation strategy of the HCA model see the lower row

in Fig. 1).

Following the simulation of two individual load cycles and the determination of the strain amplitude

from the second cycle (the first cycle is irregular since the deformations in the first cycle often differ

significantly from those in the subsequent cycles), the accumulation of permanent strain caused by the

cyclic loading is treated analogously to the description of viscous creep by viscoplastic models for cohesive

soils. Instead of the creep time t used in viscoplastic models, the number of load cycles N is the input

for the HCA model. The HCA model calculates the accumulation of residual strain ∆εacc = ε̇acc∆N due

to a package of ∆N cycles directly. A calculation of individual cycles is not necessary thus allowing to

simulate an almost arbitrary number of cycles per calculation increment. The aforementioned restrictions

regarding calculation effort or the accumulation of numerical error using conventional constitutive models
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Function Material
constants

fampl = min

{(
εampl

10−4

)Campl

; 10Campl

}
Campl

ḟN = ḟA
N + ḟB

N CN1

ḟA
N = CN1CN2 exp

[
− gA

CN1fampl

]
CN2

ḟB
N = CN1CN3 CN3

fe =
(Ce − e)2

1 + e

1 + emax

(Ce − emax)2
Ce

fp = exp

[
−Cp

(
pav

100 kPa
− 1

)]
Cp

fY = exp
(
CY Ȳ av

)
CY

fπ = 1 for constant polarization, (Wichtmann, 2005)

Table 1: Summary of the functions and material constants of the HCA model

are therefore circumvented. During the high-cycle phase the strain amplitude, which is an important input

parameter of the HCA model, can be updated using so-called update cycles (see the lower row of Fig. 1).

The basic equation of the HCA model reads

σ̇ = E : (ε̇− ε̇acc − ε̇pl) (1)

with the stress rate σ̇ of the effective Cauchy stress σ, the strain rate ε̇, the strain accumulation rate

ε̇acc, a plastic strain rate ε̇pl (necessary only if the stress touches the Matsuoka-Nakai failure locus) and

the pressure-dependent elastic stiffness E (note that the geotechnial sign convention is used for stress and

strain). In Eq. (1) the dot over a variable denotes the derivative with respect to the number of cycles N

(instead of time t).

The strain accumulation rate ε̇acc in Eq. (1) is calculated by the following multiplicative approach

ε̇acc = ε̇acc m (2)

where m = ε̇acc/∥ε̇acc∥ = (ε̇acc)→ is the direction of strain accumulation and ε̇acc = ∥ε̇acc∥ is the intensity

of strain accumulation. The flow rule of the Modified Cam Clay (MCC) model is applied for m, which

has been found suitable from extensive laboratory testing (Wichtmann, 2005; Wichtmann et al., 2006).

The scalar strain accumulation rate ε̇acc in Eq. (2) is calculated as a product of six functions, each

considering a different influencing factor:

ε̇acc = fampl ḟN fe fp fY fπ (3)

The factors take into account the influence of the strain amplitude εampl (function fampl), the cyclic

preloading (ḟN , using the preloading variable gA which weights the number N of applied cycles with

the strain amplitude εampl of these cycles), the void ratio e (fe), the average mean pressure pav (fp), the

normalized average stress ratio Ȳ av (fY , Ȳ
av = 0 at isotropic stresses, Ȳ av = 1 at critical stress ratio)

and the effect of polarization changes (fπ = 1 for a constant direction of cyclic loading).

The equations given in Table 1 have been developed and verified by a comprehensive experimental

study reported in (Wichtmann, 2005; Wichtmann et al., 2005; Wichtmann et al., 2006; Wichtmann et

5



al., 2007a; Wichtmann et al., 2010a; Wichtmann et al., 2007b; Wichtmann et al., 2013; Wichtmann and

Triantafyllidis, 2015; Wichtmann et al., 2014). The parameters of the HCA model can be determined

from experiments (Wichtmann et al., 2010b; Wichtmann et al., 2015) or estimated based on granulometry

or simple index quantities (Wichtmann et al., 2009; Wichtmann et al., 2015). The determination of

parameters for the HCA model based on the procedure described in (Wichtmann et al., 2015) is presented

for the yellow Leighton-Buzzard sand in Section 4.2.

4 Parameter calibration of the constitutive models

An extensive laboratory testing program has been conducted on yellow Leighton-Buzzard sand in order to

calibrate the parameters of the hypoplastic model with intergranular strain extension and the parameters

of the HCA model. Sieve analyses have confirmed that the charge of yellow Leighton-Buzzard sand used

in the laboratory tests was similar to the one applied in the model tests of Leblanc et al (Leblanc et al.,

2010).

Several oedometric compression tests, drained monotonic triaxial tests with low stress level, undrained

cyclic triaxial tests and drained high-cyclic triaxial tests were conducted. In the oedometric compression

and monotonic triaxial tests different initial densities have been considered in order to secure that the

material behaviour is correctly grasped for a wide range of densities from very loose to dense states. This

is important in the present case as the pile driving process leads to strongly inhomogeneous distributions

of relative density (and stresses), with Dr values comprising the whole range between 0 % and 100 %.

For the cyclic tests, as they are more laborious, only one undrained cyclic and one drained high-cyclic

test have been performed.

The element test program Incremental Driver by Niemunis (Niemunis, 2008) has been used for the

simulation of the laboratory tests and the optimization of the material constants for the hypoplastic

model with intergranular strain extension. The simulations of the laboratory tests were repeated until

the optimum set of parameters was found.

4.1 Parameters of the hypoplastic model with intergranular strain exten-

sion

The critical friction angle has been determined based on five cone deposition tests which gave a mean

value of φc = 33.3◦. The minimum and maximum void ratios have been evaluated by standard tests.

Using ec0 = emax, ed0 = emin and ei0 = 1.15 · emax as proposed by (Herle, 1997), the first four parameters

of the hypoplastic model are obtained (see Table 2).

The hypoplastic parameters hs, n and β are obtained from oedometric compression tests. Fig. 3

displays the results of oedometric compression tests on yellow Leighton-Buzzard sand with varying initial

density (dashed lines). The results of corresponding element test simulations using the hypoplastic model

with the parameters given in Table 2 are added as the solid lines. A satisfying accordance for both initially

loose and dense samples is achieved.

The parameter α is calibrated based on drained monotonic triaxial tests. Several such tests with

varying initial density and two different initial mean effective stresses p, namely 20 kPa and 50 kPa,

have been performed. The low level of stress is chosen to represent the stress level in the model tests as

close as possible (however, as the model tests had approximately a mean effective stress of p = 3 kPa at

the half height of the device, the stress is still considerably higher in the triaxial tests). The curves of

deviatoric stress q and volumetric strain εvol versus axial strain ε1 obtained from the experiments and the

simulations using hypoplasticity with the parameters in Table 2 are compared for p = 20 kPa in Fig. 4
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Figure 3: Results of oedometric compression tests for initially loose and initially dense yellow Leighton-
Buzzard sand (dashed lines). The solid lines represent the simulations using the hypoplastic model with
the parameters given in Table 2.
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Figure 4: Results of drained monotonic triaxial tests with an initial mean effective stress of p = 20 kPa
and varying initial density. The dashed lines represent the experiments, while the solid lines represent
the simulations using hypoplasticity with the parameters given in Table 2.
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φc ei0 ec0 ed0 hs n α β
[-] [-] [-] [-] [kPa] [-] [-] [-]

33.3◦ 0.930 0.809 0.507 1.9 · 107 0.191 0.223 -1.3

R mR mT βR χ
[-] [-] [-] [-] [-]

10−4 4 2 0.1 4.6

Table 2: Parameters of hypoplasticity with intergranular strain extension for yellow Leighton-Buzzard
sand

and for p = 50 kPa in Fig. 5. For all four tests, the measured sand response is generally reproduced quite

well in the simulations. However, the residual deviatoric stress is underestimated by the simulations.

This is stronger in case of the tests performed at p = 20 kPa. In addition, dilatancy is underestimated

for all tests.
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Figure 5: Results of drained monotonic triaxial tests with an initial mean effective stress of p = 50 kPa
and varying initial density. The dashed lines represent the experiments, while the solid lines represent
the simulations using hypoplasticity with the parameters given in Table 2

In order to calibrate the parameters of the intergranular strain, the data of the undrained cyclic triaxial

test with stress control is used. Once more, a low stress level of p = 50 kPa has been chosen as initial

stress state in this test. The soil had an initial relative density of 71 %. The deviatoric stress q versus

mean effective stress p and versus axial strain ε1, respectively, is given in the upper diagrams of Fig. 6.

The lower diagrams display the accumulated excess pore water pressure and the axial strain amplitude

εampl
1 as functions of the number of cycles N . The development of both the accumulated excess pore

water pressure and the axial strain amplitude are well reproduced by the numerical simulation with the

parameters in Table 2 before cyclic mobility occurs. The correct representation of cyclic mobility by the

constitutive model is of minor importance in the present case, as the model tests have been performed

on dry sand. The most important aspect in view of the model tests is the strain amplitude during the

cycles. The data in Fig. 6 confirms that the small strain amplitudes before the cyclic mobility phase are

captured very well with the chosen set of parameters.

Note that all tests (oedometric, monotonic and cyclic triaxial tests) have been simulated with the same

set of parameters presented in Table 2.
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Figure 6: Results of an undrained cyclic triaxial test performed on yellow Leighton-Buzzard with an
initial mean effective stress of p = 50 kPa, an initial relative density of 72 % and a deviatoric stress
amplitude of qampl = 15 kPa. The upper plots display the effective stress path in the p-q plane and the
deviatoric stress q versus axial strain ε1 relationship. The lower plots display the accumulated excess
pore water pressure and the axial strain amplitude as functions of the number of cycles N . The test data
is shown in blue colour, while the simulation using the parameters given in Table 2 is displayed in red
colour.
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Campl Ce Cp CY CN1 [10−4] CN2 CN3 [10−5]

1.7 0.482 0.38 2.69 3.1 0.063 3.7

Table 3: Parameters of the HCA model for yellow Leighton-Buzzard sand

4.2 Parameters of the high-cycle accumulation model

The complete determination of the material constants of the HCA model requires at least eleven drained

high-cyclic triaxial tests with varying strain amplitudes, initial relative densities, average mean stresses

and average stress ratios. However, based on approximately 150 drained cyclic triaxial tests, a simplified

calibration procedure has been proposed in (Wichtmann et al., 2015). Even though all necessary pa-

rameters can be estimated based on the mean grain size d50, the uniformity coefficient Cu and minimum

void ratio emin, it is recommended to conduct at least one drained high-cyclic triaxial test in order to

calibrate the parameters CN1, CN2 and CN3, which describe the development of accumulated strain with

increasing number of cycles, that means consider the cyclic preloading. Following the procedure described

in (Wichtmann et al., 2015), the parameters Campl, Ce, Cp and CY can be estimated as follows:

Campl = 1.7 (4)

Ce = 0.95 · emin (5)

Cp = 0.41 · [1− 0.34 (d50[mm]− 0.6)] (6)

CY = 2.60 · [1 + 0.12 ln(d50[mm]/0.6)]. (7)

For yellow Leighton-Buzzard sand the parameters obtained from these equations are listed in Table 3.

Fig. 7 displays the result of a drained high-cyclic triaxial test on Leighton-Buzzard sand used for the

calibration of CN1, CN2 and CN3. The sample had an initial relative density of 54 %, an average mean

effective stress of pav = 200 kPa, an average stress ratio of ηav = qav/pav = 0.75 and a cyclic amplitude of

60 kPa. The measured accumulated strain is divided by the factors fampl, fe, fp and fY and shown as a

function of the number of cycles. These functions are calculated using the equations provided in Table 1

and the material constants given in Table 3. The necessary soil state variables for the calculation of the

factors (the strain amplitude εampl, the average mean stress pav, the average void ratio eav and normalized

average stress ratio Ȳ av) are known from the test. The constants CN1, CN2 and CN3 are then obtained

by curve fitting using

fN = CN1[ln(1 + CN2N) + CN3N ]. (8)

The curve fit is displayed in Fig. 7. The parameters obtained are CN1 = 3.1 · 10−4, CN2 = 0.063 and

CN3 = 3.7 · 10−5.

5 Simulation of the installation process

Due to the large deformations occurring during the installation process, special numerical treatment is

necessary. Pile driving has been simulated utilizing various numerical approaches which include simula-

tions using a fully Lagrangian description of the soil (reported e.g. in (Chrisopoulos and Vogelsang, 2019;

Grandas-Tavera et al., 2019; Staubach and Machacek, 2019)), an Eulerian description (see e.g. (Qiu

et al., 2011; Hamann et al., 2015; Wang et al., 2015; Nagula and Grabe, 2020; Staubach et al., 2020c;

Staubach et al., 2020b; Staubach et al., 2020a)), an Arbitrary Lagrangian-Eulerian (ALE) approach (re-

ported e.g. in (Daryaei et al., 2020; Yang et al., 2020)) or the Material-Point-Method (e.g. (Phuong
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Figure 7: Development of accumulated strain εacc divided by the factors fampl, fe, fp and fY with
increasing number of cycles obtained from a drained high-cyclic triaxial test on yellow Leighton-Buzzard
sand. The experimental data (circular symbols) is confronted with a curve-fit using Eq. (8) (solid curve)

et al., 2014; Galavi et al., 2019)). For the simulation of the installation of open-profile piles, a fully

Lagrangian approach is not suitable. Therefore, an Eulerian description is used for the soil in the present

study which has been applied by the authors for the simulation of the installation of open-profile piles

in (Staubach et al., 2020c; Staubach et al., 2020b; Staubach et al., 2020a) as well. The back-analysis of

vibratory pile driving model tests in water-saturated sand reported in (Staubach et al., 2020a) showed a

very good performance of this approach.

In an Eulerian analysis, the mesh is fixed in space and the material transport is predicted. This is

advantageous for the modelling of large deformations since no mesh distortion takes place. The pile, as an

almost rigid body with merely small intrinsic deformation, is modelled under the Lagrangian framework.

Using the Coupled-Eulerian-Lagrangian (CEL) method implemented in the commercial software Abaqus,

the two parts (soil and pile) can interact with each other by special contact conditions. For more

information regarding the CEL method, the interested reader is referred to (Benson, 1992; Benson and

Okazawa, 2004) for the theoretical background and e.g. (Staubach et al., 2020c; Staubach et al., 2020b;

Staubach et al., 2020a) for the application of the CEL method to geotechnical boundary value problems.

5.1 Numerical model for the pile driving process

The numerical model used for the simulation of installation is displayed in Fig. 8 a). The red volume

is initially free of material but could be filled if the soil heaves during the driving process. The blue

volume is initially fully filled by material. The material-filled volume has the same dimensions as the

sand container used in the experiment displayed in Fig. 2. Exploiting the symmetry of the boundary

value problem, a quarter model is considered for the simulation of the installation process to reduce the

computational costs. The element size in the horizontal direction below the pile tip is identical to the

thickness of the pile (0.002 m). The size increases progressively with radial distance to the pile. In vertical

direction the element size is 0.006 m directly at the ground surface and increases to 0.015 m at the final

embedment depth of the pile.

The initial relative densities are set identical to the values in the model tests, that means 4 % and 38

%, respectively. The hypoplastic model with intergranular strain extension and the parameters listed in

Table 2 are used. Despite considering dry sand, the mean effective stress in the soil reduces strongly in
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Figure 8: Numerical models for the simulation of the installation process (a) and for the high-cyclic
loading (b). The initial volume fraction is displayed for the CEL model. The blue volume indicates
initially fully material-filled elements while the red volume indicates initially material-free elements.

some elements during the driving process. If the mean effective stress approaches zero, the hypoplastic

model yields a zero or even non-physical stiffness. Therefore, a correction for small mean effective stresses

(p < 0.01 kPa) is used. This correction is then followed by a correction of stress states located outside

the Matsuoka-Nakai failure locus. This approach was proposed in (Osinov et al., 2016) and has also been

used in (Staubach and Machacek, 2019; Machacek et al., 2018) for the simulation of vibratory pile driving

in water-saturated soil and liquefaction during earthquake loading, respectively.

Friction between pile and soil is considered using a Coulomb friction model. The wall friction angle is

assumed to be 2/3 of the critical friction angle. Effects resulting from grain crushing in the vicinity of

the pile or abrasion are not taken into account.

In the model tests performed by Leblanc et al. the pile has been driven into the soil with a plastic

hammer. Even though the number of strokes needed to drive the pile to its final embedment depth is

known, the specification of the hammer and the drop height is unknown. Since the influence of different

installation techniques (jacking vs. impact driving) proved insignificant for the lateral cyclic response

of the pile once installed (see (Staubach et al., 2020c; Staubach et al., 2020b)), the pile is jacked into

the soil in the simulation assuming that the change in the soil surrounding the pile is similar to impact

driving. Note that in an experimental study reported in (Fan et al., 2019; Fan, 2020), impact-driven

piles were found to have higher resistance to subsequent monotonic lateral loading compared to jacked

piles. In order to investigate how large the influence of the method of installation is in the present case,

additional simulations considering impact driving are presented in B. Even though the impact-driven pile

exhibits slightly larger resistance to lateral monotonic loading compared to the jacked pile, the relative

difference between the two installation techniques is small. Therefore, the simulation of pile installation

using jacking appears to be justified in the present case.

A jacking speed of 0.06 m/s is assumed in the simulations. Inertia effects are considered and an explicit

12



time integration scheme is used.

5.2 Results of the pile driving process

The development of relative density during the driving process for the simulation of the test with an

initial relative density of Dr0 = 38 % is depicted in Fig. 9. The spatial field is displayed for different

stages of the simulation and the current depth of embedment t is given. The soil near the top surface

heaves and reaches a very loose state. In the vicinity of the pile tip the soil tends to densify considerably.

This is more pronounced inside of the pile compared to the outside. In addition, the densified zone is

restricted to soil close to the pile shaft. With increasing distance to the outer shaft of the pile, the relative

density decreases and reaches values lower than the initial relative density.

The development of relative density shown in Fig. 9 is comparable to the results of simulations of

impact driving or jacking of real-scale piles reported in (Staubach et al., 2020c; Staubach et al., 2020b),

in case of simulations with a similar initial relative density. The qualitative change in relative density

caused by the installation process is thus comparable for small-scale model tests and real-scale problems.

t = 8 cm t = 16 cm t = 24 cm t = 32 cm

Relative density [%]
>100 50 <0.0

Figure 9: Development of relative density during the driving process for the test with an initial relative
density of Dr0 = 38 %. The embedment depth t is given for each stage of the installation process.

The change of mean effective stress during the driving process is shown in Fig. 10. A strong increase

in pressure with values above 100 kPa is observed below the pile tip. During the driving process, the

area of high pressures increases and eventually reaches the fixed bottom of the model. While the stress

increases below the pile tip, a strong decrease alongside the (outer) pile shaft is observed. This effect

has also been observed for the simulation of real-scale pile installation (Staubach et al., 2020c; Staubach

et al., 2020b) as well as in experimental studies of displacement pile installation (see e.g. (White and

Bolton, 2004; Yang et al., 2010; Gourvenec and Randolph, 2011)).

The results of the pile installation for the test with an initial relative density of Dr0 = 4 % are presented

and discussed in C. A strong compaction and stress increase in the vicinity of the pile tip is observed

similar to the test with an initial relative density of Dr0 = 38 %.

For the simulation of the lateral loading of the pile presented in the following section, an implicit

Lagrangian simulation is performed since the high-cycle phase with the HCA model can not be simulated
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Figure 10: Development of mean effective stress during the driving process for the test with an initial
relative density of Dr0 = 38 %

using an explicit time integration scheme. Therefore, the state of the soil resulting from the installation

is transferred from the CEL model to a model with Lagrangian elements as described in the following.

6 Lateral loading of the pile after the installation

6.1 Numerical model

The simulations of the lateral loading of the pile are performed with the new finite element code numgeo1.

The hypoplastic model with intergranular strain extension and the HCA model are implemented in

numgeo.

Linearly interpolated 3D Lagrangian elements with reduced integration are used for the soil. Elements

with reduced integration are beneficial in simulations with the HCA model as artificial self-stresses are

avoided (Niemunis and Melikayeva, 2015). An hourglass stiffness of 100 kPa has been used for all

calculations to suppress any hourglass deformation modes. Simulations with much lower (20 kPa) or

much higher values (300 kPa) for the hourglass stiffness did not reveal any differences in terms of pile

rotation. The model including the mesh is displayed in Fig 8b. Due to the unidirectional lateral loading it

is sufficient to model only one half of the model test making use of the symmetry. The finite-element model

is discretised using approximately 60,000 nodes and 50,000 elements. The pile is modelled deformable

and the material properties of copper are used.

The contact between pile and soil is discretised using a surface-to-surface method and the contact

constraints are enforced by the penalty method. The penalty factor in normal direction is calculated

based on the material stiffness of the continuum element closest to the contact point. By default, the

penalty factor is thirty times the trace of the stiffness. This ensures that the penetration of the soil into

the pile is minimal and the normal contact constraint is enforced properly. A stiffness dependent penalty

1numgeo (see the PhD thesis of J. Machaček (Machaček, 2020) and www.numgeo.de) is an inhouse finite-element program,
developed by the first two authors for the solution of non-linear, coupled (dynamic) geotechnical boundary value problems.
A release of a free version is planned for 2021. All program features required for the simulations presented herein will be
available in this release.

14



factor is superior in terms of convergence to a spatially constant value in the present simulations due to

the change of soil stiffness with respect to the pile embedment depth (i.e. highest stiffness at the base,

especially for the simulation incorporating the installation process).

Friction is considered using a Coulomb model with a wall friction angle of 2/3 of the critical friction

angle of the soil. A stabilizing pressure of 0.05 kPa has been applied on the ground surface in order to

avoid zero pressure in the soil close to the surface. This additional surface pressure does not influence the

results of the simulations, which was proven by simulations without any surface pressure. Simulations

with a higher value of surface pressure, e.g. 0.5 kPa, show a considerable influence and lead to a decreased

pile rotation when the pile is subjected to lateral loading.

Due to the large deformations in the monotonic tests and in the cyclic tests with large amplitudes, a

geometrically non-linear calculation is performed. The Zaremba-Jaumann stress rate is used in order to

ensure an objective stress rate.

Preliminary simulations incorporating update cycles, used for the determination of an updated strain

amplitude in the high-cycle phase of the HCA model, showed no significant differences to simulations

without update cycles. This is in accordance with the observations documented in (Staubach et al.,

2020c).

The state variables of the soil after the installation are transferred from the integration points in the

CEL model to the closest integration points in the Lagrangian model. The stress, void ratio and the

intergranular strain tensor are transferred. The deformation of the soil caused by the installation process

is not considered in the Lagrangian model as the material movements are judged insignificant compared

to the influence of the change in state variables. In a distance of 0.005 m around the pile the soil has

settled by approximately 0.008 m (= 0.1 ·D). In greater distance to the pile as well as inside of the pile

a maximum heave of approximately 0.004 m (= 0.05 ·D) is observed.

It is important to note that the stress state resulting from the installation depicted in Fig. 10 is not in

static equilibrium since considerable inertia forces are still present at the end of the CEL simulation (no

additional resting period after the installation has been considered). In addition, the mapping procedure

also adds inaccuracies leading to further unbalance forces. Thus, the stress will change slightly once the

soil state is imported in the Lagrangian model and the soil is free to move. An additional calculation

step is included to bring the model in static equilibrium prior to the lateral loading of the pile.

6.2 Monotonic loading to failure

Prior to the cyclic tests, a monotonic loading test has been performed by Leblanc et al. in order to

determine the static moment capacity M̃R. The non-dimensional moment M̃ is defined by (Leblanc et

al., 2010)

M̃ =
M

L3Dγ
(9)

where M is the applied moment, L and D are the embedded length and the diameter of the pile,

respectively, and γ is the specific unit weight of the (dry) soil. The non-dimensional rotation θ̃ is defined

by (Leblanc et al., 2010)

θ̃ = θ

√
pa
Lγ

. (10)

Therein θ is the rotation of the pile and pa ≈ 100 kPa is the atmospheric pressure.

The non-dimensional moment versus the non-dimensional rotation for the experiment and the sim-
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ulations with and without consideration of the installation is given in Fig. 11, for the initial relative

densities of Dr0 = 38 % and Dr0 = 4 %, respectively. Leblanc et al. defined the ultimate-limit-state

(ULS) rotation of the pile to be θ̃ = 0.0698 rad = 4◦, corresponding to a static non-dimensional moment

capacity of M̃R ≈ 1.24 for Dr0 = 38 % and M̃R ≈ 0.6 for Dr0 = 4 %.

It can be seen that the simulations without consideration of the installation process strongly under-

estimate the resistance of the pile for both initial densities. This is especially pronounced during the

first half of the loading process. Thus, the initial stiffness of the pile is predicted too low compared to

the experiment. For the initial relative density of Dr0 = 38 % the non-dimensional moment at the ULS

rotation θ̃ = 0.0698 rad is approximately 25 % lower than the corresponding measured value. The results

of the simulation considering the installation process fit better to the experimental data even though the

pile resistance at the end of the test is still slightly underestimated. In case of the test with an initial

relative density of Dr0 = 4 % the initial stiffness is underestimated by both simulation types but the final

resistance is reproduced quite well by the simulation taking into account the installation process.

Based on the large differences between the simulations, it is concluded that the installation-induced

soil changes considerably influence the pile response to monotonic lateral loading. However, assuming

wished-in-place conditions is a conservative assumption in terms of pile displacement. The stiffness and

hence the natural frequency of the pile is underestimated, however. Similar conclusions were drawn for

the simulation of real-scale piles reported in (Staubach et al., 2020c).

As has been outlined in the introduction, the study reported in (Fan et al., 2019) has investigated the

influence of the pile installation on its response to lateral loading by performing the installation process

at 1g and 100g, respectively. The relative increase in the lateral soil resistance due to the installation

process observed in (Fan et al., 2019) is qualitatively and quantitatively similar to the differences found

in the numerical results presented in Fig. 11.
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Figure 11: Results of the monotonic loading tests: Comparison of the curves of non-dimensional moment
M̃ versus non-dimensional rotation θ̃ measured in the experiment and obtained from the simulations with
and without consideration of the installation process, respectively. The diagram on the left-hand side
refers to an initial relative density of Dr0 = 38 %, that on the right-hand side to Dr0 = 4 %.
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6.3 Cyclic loading

Based on the static moment capacityMR obtained from the tests with monotonic loading, two parameters

ζb and ζc are used to characterise the cyclic loading (Leblanc et al., 2010)

ζb =
Mmax

MR

and ζc =
Mmin

Mmax

. (11)

Mmax and Mmin are the maximum and minimum moments in a sinusoidal load cycle. The static moment

capacities MR measured in the model tests have been used for the calculation of the load amplitudes in

the simulations.

The results in terms of the change of rotation ∆θ at the pile head with respect to the first load cycle

divided by the static rotation θs versus the number of cycles N for test No. 17 (Dr0 = 38 %, ζb = 0.4

and ζc = 0) are given in Fig. 12. The values measured in the model tests and those obtained from

the simulations with and without installation, respectively, are compared. Note that in the experiment

θs has been determined at the point of maximum load application in the first cycle and ∆θ has been

also measured with respect to the point of maximum load application. In the simulations, however, θs
is the rotation after the first cycle and ∆θ is the change in rotation with respect to the rotation at the

end of the first cycle. This is because the HCA model calculates the trend of deformation under the

average loads, and ∆θ can thus not be quantified at the point of maximum load application during a

cycle. However, this doesn’t influence the comparison between experiment and simulation as long as the

rotation amplitude in an individual cycle does not change considerably during the long-term loading,

which is generally not the case. Note that θs in the simulations is slightly higher than in the experiments

as has been shown by the simulations of the monotonic tests displayed in Fig. 11. These differences are

more pronounced in case of the simulation without considering installation. Therefore, the ratio ∆θ/θs
may be too small in the simulations compared to the experiments due to a weaker monotonic response

of the pile in the simulations, and not because the accumulation is too low in the HCA phase.
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Figure 12: Change of rotation ∆θ divided by the static rotation θs as a function of the number of cycles
N measured in test No. 17 (Dr0 = 38 %, ζb = 0.4 and ζc = 0) and obtained from the simulations with
and without consideration of the installation process, respectively

From Fig. 12, it can be concluded that the simulation without consideration of the installation process

overestimates the accumulated rotation measured in the experiment. The simulation incorporating the

installation on the other hand reproduces the measurements very well. The simulation without installation

predicts approximately 50 % higher values of ∆θ/θs at the end of the test compared to the measurements

as well as compared to the simulation with incorporation of the installation process.
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Figure 13: Deformed shape and spatial field of the strain amplitude after the second loading cycle for
test No. 17 and the simulations with and without consideration of the installation process, respectively.
No deformation-scale factor is used.

The spatial field of the strain amplitude for the simulations with and without incorporation of the

installation, respectively, is given in Fig. 13 for test No. 17. Note that the deformed state after application

of the second load cycle is displayed. It is evident that the area with strain amplitudes larger than 0.1 % is

greater at both sides of the pile in case of the simulation without installation compared to the simulation

with consideration of the installation-induced changes in the soil state. Since higher values of the strain

amplitude result in higher rates of strain accumulation calculated by the HCA model (disproportionate

relationship with the exponent Campl = 1.7), larger accumulation rates are predicted in the simulation

without consideration of the installation process leading to a larger pile rotation.

The spatial field of relative density after the application of 10,000 loading cycles for the simulations

with and without installation, respectively, is given for test No. 17 in Fig. 14. The deformed config-

uration is displayed. No deformation-scaling factor is used. The increased pile rotation in case of the

simulation without consideration of the installation process is well visible in comparison to the simulation

incorporating the installation process. In both cases a strong decrease in soil density accompanied by

a heave of the soil around the pile at the ground surface is predicted by the simulations. The heave is

slightly greater in case of the simulation without consideration of the installation process. While the

relative density in the top half of the model is similar for both calculations, much higher Dr values are

present in the vicinity of the pile tip in case of the simulation incorporating the installation process. As

discussed previously based on Fig. 9 this high density is caused by the installation process of the pile.

The density distribution in the vicinity of the pile tip is hardly changed by the application of the 10,000

loading cycles, so that the installation-induced changes in the soil state are still well visible. With ongo-

ing cyclic loading the influence of the installation is assumed to decrease and the spatial fields of density

and stress of the simulation without and with installation, respectively, equalize, as has been shown in

(Staubach et al., 2020c). In the study presented in (Staubach et al., 2020c), however, 5 million loading
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cycles were applied. Therefore, this aforementioned equalization may take several million load cycles to

occur.

Relative density [%]
<050>100

Without installation With installation

Figure 14: Deformed shape and spatial field of the relative density after application of 10,000 cycles for
test 17 and the simulations without and with consideration of the installation process, respectively. No
deformation-scale factor is used.

For the further model tests studied in the following only the accumulated rotation will be evaluated

since the observations made from the spatial fields of strain amplitude and relative density at the end of

the cyclic loading are similar to those discussed for test No. 17.

The results for test No. 18 (Dr0 = 38 %, ζb = 0.52 and ζc = 0) in terms of ∆θ/θs versus N are

given in Fig. 15. Note that the simulation without considering installation aborted due to the large

deformations towards the end of the simulation (N ≈ 5, 000). Similar to test No. 17, the simulation

without incorporation of the installation process overestimates the accumulated pile rotation. The sim-

ulation with installation reproduces the measured values well. The simulation without consideration of

the installation process predicts approximately 45 % higher values for ∆θ/θs at N ≈ 5, 000 in comparison

to the simulation incorporating the installation process. Compared to the measurements, the simulation

neglecting the installation process shows values being 50 % higher at N ≈ 5, 000.

The results for test No. 8 with a very low initial relative density (Dr0 = 4 %, ζb = 0.34 and ζc = 0) are

displayed in Fig. 16. In accordance with the previous findings from the tests with an initial relative density

ofDr0 = 38 % a higher accumulation of rotation is observed for the simulation without consideration of the

installation. The simulation with incorporation of the installation process reproduces the measurements

well. Compared to the tests with higher initial density (Dr0 = 38 %) the difference between the two

simulation types is considerably larger for Dr0 = 4 %.

The results for the one-way loading test with the lowest amplitude and an initial relative density of

Dr0 = 38 % (test No. 16, ζb = 0.27 and ζc = 0) are provided in Fig. 17. Both types of simulations

overestimate the accumulated pile rotation for N > 10. This is more pronounced in case of the simulation

without incorporation of the installation process. The simulation incorporating the installation process
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Figure 15: Change of rotation ∆θ divided by the static rotation θs versus number of cycles N measured
in test No. 18 (Dr0 = 38 %, ζb = 0.52 and ζc = 0) and obtained from the simulations with and without
consideration of the installation process, respectively
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Figure 16: Change of rotation ∆θ divided by the static rotation θs versus number of cycles N measured
in test No. 8 (Dr0 = 4 %, ζb = 0.34 and ζc = 0) and obtained from the simulations with and without
consideration of the installation process, respectively
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predicts approximately 50 % larger values of ∆θ/θs at N ≈ 10, 000 compared to the measurements.

Likewise, the simulation without consideration of the installation process overestimates ∆θ/θs by almost

100 %. The difference between both types of simulations atN ≈ 10, 000 is approximately 30 %. Compared

to the tests with higher cyclic loading amplitude (tests Nos. 17 and 18), the differences between the two

simulation types are smaller for test No. 16 where a much lower cyclic amplitude has been applied.
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Figure 17: Change of rotation ∆θ divided by the static rotation θs versus number of cycles N measured
in test No. 16 (Dr0 = 38 %, ζb = 0.27 and ζc = 0) and obtained from the simulations with and without
consideration of the installation process, respectively

The results of the simulations of the test No. 20 (Dr0 = 38 %, ζb = 0.4 and ζc = −0.8) are given in

Fig. 18. Similar to the previous tests, the simulation without incorporation of the installation predicts

larger rotation accumulation compared to the measurements. The simulation with consideration of the

installation process leads to a better agreement with the results of the experiment. Compared to test

No. 17, where ζb = 0.4 was used as well but one-way cyclic loading was applied, the difference between

both types of simulations is smaller. Towards the end of the test at N = 1000 both simulations give

approximately the same value for ∆θ/θs.
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Figure 18: Change of rotation ∆θ divided by the static rotation θs versus number of cycles N measured
in test No. 20 (Dr0 = 38 %, ζb = 0.4 and ζc = −0.8) and obtained from the simulations with and without
consideration of the installation process, respectively

It is worth mentioning that the qualitative differences between the simulations incorporating the instal-

lation and the wished-in-place simulations were similar for the study of real-scale piles in case of initially
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medium dense sand reported in (Staubach et al., 2020c). Thus, the large differences between the two

simulation types (with and without installation, respectively) is not restricted to small-scale model tests

as considered in the present study.

7 Conclusions and Outlook

7.1 Conclusions

The back-analysis of model tests on the long-term cyclic behaviour of piles performed by Leblanc et al.

(Leblanc et al., 2010) showed that the incorporation of the installation process in the numerical simula-

tions has a distinct impact on the predicted pile response under subsequent monotonic or cyclic lateral

loading. The simulations without consideration of the installation process strongly overestimated the ro-

tation of the pile subjected to monotonic lateral loading. The simulations incorporating the installation-

induced changes of soil state lead to a better accordance with the measurements and higher pile resistance.

The cyclic loading tests with up to 20,000 cycles revealed that the accumulated pile rotation is influenced

by the installation process as well. The simulations neglecting the installation-induced changes of soil

state overestimated the pile rotation compared to the measurements. The simulations with incorporation

of the installation process lead to a better agreement with the experimental results and exhibited less

accumulation compared to the simulations without considering the installation process. The influence of

the installation on the accumulated pile rotation was found to be smaller in case of cyclic loading tests

with lower amplitude, while it increased with decreasing initial relative density prior to the installation.

In addition to the investigation of the influence of the installation effects, the study also shows that

the HCA model in combination with the hypoplastic model with intergranular strain extension is able

to predict the measurements in the model tests reasonably well, even though the parameters of the

constitutive models have been determined from laboratory tests with higher stress level compared to the

model tests (all hypoplastic parameters and the parameters CN1, CN2 and CN3 of the HCA model) or

have been estimated based on correlations with the grain size distribution curve or simple index properties

(parameters Campl, Ce, Cp and CY of the HCA model).

The present study shows that a validation of numerical methods based on pile loading model tests

should account for the installation-induced changes in the soil state in order to capture the initial soil

conditions correctly. Therefore, model tests should be performed without a realistic installation of the

pile (e.g. by placing the soil around the pile) if they are used for numerical back-analysis using methods

in which the installation process is not simulated. If the pile installation was considered in the model

tests and a full simulation of the installation process is not possible (e.g. because of the complexity

of the required numerical tools), simplified approaches based e.g. on cavity expansion models (see e.g.

(Schmüdderich et al., 2020)) or hybrid approaches, where only a small part of the installation is considered

(Murphy et al., 2018), could be used to estimate the installation-induced changes of soil state.

7.2 Outlook

As has already been mentioned in the section presenting the parameter calibration, a determination of

all HCA model parameters based on drained high-cyclic triaxial tests on yellow Leighton-Buzzard sand

should be performed in order to investigate if some of the discrepancies between the simulations and the

measurements discussed in Section 6 are caused by suboptimal parameters. In addition, the calibration

should be based on triaxial tests performed at much lower stress level, similar to the stress level of the

model tests. Up to now it is not clear if the parameters calibrated based on laboratory tests with high
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stress level (50 to 300 kPa are usually applied in such tests) can be directly adopted for simulations

involving considerably lower stress levels (0 to 5 kPa in the present case).

Field and centrifuge tests with realistic stress level considering pile installation with subsequent cyclic

lateral loading as e.g. performed by (Rudolph, 2015) will be considered for the further validation of

the simulation of the installation process and the HCA model. In addition, model tests performed in

saturated sand will be back-analyzed as the influence of the installation process strongly depends on the

drainage conditions as has been shown in (Staubach et al., 2020c; Staubach et al., 2020b). Furthermore,

vibratory pile driving will be studied as it is believed that this installation technique will be applied

in practice more frequently in the future. Based on previous research and the results of simulations of

vibratory pile driving in saturated sand (see e.g. (Staubach et al., 2020a)), the installation-induced soil

changes are believed to lead to opposite effects in terms of pile response to lateral loading compared to

the tendencies reported in this work using jacking or impact driving.
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A Equations of the hypoplastic model with intergranular strain

extension

The stress rate σ̇ is calculated from

σ̇ = M : ε̇ (12)

where ε̇ is the strain rate. The stiffness tensor M is defined by (Niemunis and Herle, 1997)

M =
(
ρχmT + (1− ρχ)mR

)
L+

{
ρχ(1−mT )L : h⃗⊗ h⃗+ ρχNh⃗

ρχ(mR −mT )L : h⃗⊗ h⃗
for

h⃗ : ε̇ > 0

h⃗ : ε̇ ≤ 0
(13)

with the intergranular strain tensor h, its degree of mobilization ρ and its direction h⃗ defined as

ρ =
∥h∥
R

and h⃗ =
h

∥h∥
. (14)

χ, mT , mR and R are material parameters controlling the influence of the intergranular strain. The

evolution law of the intergranular strain h is (Niemunis and Herle, 1997)

h̊ =

{
(I− h⃗⊗ h⃗ρβr) : ε̇

ε̇
for

h⃗ : ε̇ > 0

h⃗ : ε̇ ≤ 0
(15)
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where βR is another material parameter and I is the fourth-order identity tensor. The stiffness tensors L

and N are given by the following equations (Wolffersdorff, 1996):

L = fbfe
1

tr(σ̂ · σ̂)
(F 2I+ a2σ̂ ⊗ σ̂) (16)

N = fbfefd
Fa

tr(σ̂ · σ̂)
(σ̂ + σ̂∗) (17)

Therein σ̂ =
σ

trσ
and σ̂∗ = σ̂ − 1

3
I are used. The scalar factors are defined by

a =

√
3(3− sinφc)

2
√
2 sinφc

, fd =

(
e− ed
ec − ed

)α

, fe =
(ec
e

)β

(18)

and

fb =
hs
n

(
ei0
ec0

)β
1 + ei
ei

(
3p

hs

)1−n [
3 + a2 − a

√
3

(
ei0 − ed0
ec0 − ed0

)α]−1

. (19)

φc, hs, n, ei0, ed0, ec0, α and β are parameters and e is the actual void ratio. The pressure-dependent void

ratios ei, ec and ed in Eq. (18), describing the loosest, the critical and the densest state, are calculated

using the following relation (Bauer, 1992)

ei
ei0

=
ec
ec0

=
ed
ed0

= exp

[
−
(
3p

hs

)n]
. (20)

p is the mean effective stress. The scalar factor F in Eq. (16) and Eq. (17) is given by

F =

√
1

8
tan(ψ)2 +

2− tan(ψ)2

2 +
√
2 tan(ψ) cos(3θ)

− 1

2
√
2
tan(ψ), (21)

with tan(ψ) =
√
3∥σ̂∗∥ and

cos(3θ) = −
√
6
tr(σ̂∗ · σ̂∗ · σ̂∗)

[tr(σ̂∗ · σ̂∗)]3/2
. (22)

B Influence of the installation method: jacking vs. impact

driving

In order to investigate how large the assumption of a pile installation via jacking rather than impact

driving influences the lateral loading behaviour of the pile, an additional simulation of the installation of

the pile in sand with a relative density of Dr0 = 38 % is performed. In this simulation the pile is jacked

to an embedment depth of 0.288 m (80 % of the final depth) and then impact-driven until the final depth

of 0.36 m is reached. A simulation of the complete installation by impact driving is not possible due to

the huge and thus infeasible calculation times. The idea to simulate only parts of the installation process

using impact driving has been adopted from (Fan, 2020; Fan et al., 2020). As mentioned beforehand,

the driving force used in the experiments performed by Leblanc et al. (Leblanc et al., 2010) is unknown.

However, Richards et al. (Richards et al., 2019) have performed very similar tests at the same institute
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(Oxford University) using almost identical geometrical specifications for the model tests. For these tests

the driving force is known and has been adopted for the simulation of the tests by Leblanc et al. as

well. The only additional assumptions necessary are the impact duration (which is taken to be 0.01 s)

and the frequency (assumed to be 1 Hz). The drop height was 0.3 m and the falling weight was 1.4 kg.

After simulation of the installation using the procedure described above the resulting distributions of

state variables have been transferred to the Lagrangian model. With this model the monotonic loading

test has been simulated afterwards. Note that the state variables have been transferred for a state with

inactive impact force. The results of the monotonic loading test displayed in Fig. 19 show that the results

of the simulations are not strongly influenced by the installation method. The impact-driven pile exhibits

only a slightly higher resistance towards the end of the test. Therefore, the assumption of an installation

using jacking for all simulations of the model tests seems justified in the present case.
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Figure 19: Results of the monotonic loading test with an initial relative density of Dr0 = 38 %: Develop-
ment of non-dimensional moment M̃ with non-dimensional rotation θ̃ measured in the experiment and
obtained from the simulations using jacking and impact driving, respectively

C Installation-induced changes of soil state in case of the tests

with an initial relative density of Dr0 = 4 %

The change in relative density during jacking of the pile for the test with an initial relative density of

Dr0 = 4 % is shown for different stages of the installation process in Fig. 20. Similar to the test with

an initial relative density of Dr0 = 38 %, a strong compaction of the soil in the vicinity of the pile tip

is observed. This compaction is more pronounced inside of the pile compared to the outside. In terms

of compacted area the results of the simulations with the two different relative densities (Dr0 = 4 % or

38 %) are comparable. Opposite to the tests with Dr0 = 38 %, no loosening of the soil near the ground

surface occurs as the soil is already in its loosest possible state. The development of mean effective stress

during driving for Dr0 = 4 % is shown in Fig. 21. The spatial distribution is similar to the test with

Dr0 = 38 % for all stages of the installation process. For the depths t = 8/16/24 cm the test with Dr0 = 4

% shows a slightly larger area with pressures greater than 100 kPa compared to the test with Dr0 = 38

%.
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Figure 20: Development of relative density during the driving process in case of the test with an initial
relative density of Dr0 = 4 %
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Figure 21: Development of mean effective stress during the driving process in case of the test with an
initial relative density of Dr0 = 4 %
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